Abstract. The present paper describes surface (surface air temperature) and atmospheric parameters (relative humidity, surface latent heat flux) over the epicenter (18 • 27 25 N 72 • 31 59 W) of Haiti earthquake of 12 January 2010. Our analysis shows pronounced changes in surface and atmospheric parameters few days prior to the main earthquake event. Changes in relative humidity are found from the surface up to an altitude of 500 hPa clearly show atmospheric perturbations associated with the earthquake event. The purpose of this paper is to show complementary nature of the changes observed in surface, atmospheric and meteorological parameters. The total ozone concentration is found to be lowest on the day of earthquake and afterwards found to be increased within a week of earthquake. The present results show existence of coupling between lithosphere-atmosphere associated with the deadly Haiti earthquake.
Introduction
Haiti earthquake (M w 7.0) of 12 January 2010 occurred at 21:53:10 UTC in the boundary region separating the Caribbean plate and the North America plate. The epicenter of the earthquake is located at latitude 18 • 27 25 N and longitude 72 • 31 59 W, focal depth 13 km according to USGS. The focal mechanism shows that the fault is dominated by left-lateral strike slip and compression, and accommodates about 20 mm/y slip, with the Caribbean plate moving eastward with respect to the North American plate (Fig. 1a) . Figure 1b shows the epicenter of the earthquake which is taken from USGS. About three million people are displaced by this killer earthquake (as reported by International Federation
Correspondence to: Ramesh P. Singh (rsingh@chapman.edu) Published by Copernicus Publications on behalf of the European Geosciences Union. heat flux and ionospheric perturbations showing existence of land-atmosphere-ionosphere coupling associated with the Gujarat earthquake. These recent observations prompted us to analyze surface and atmospheric parameters of the Haiti earthquake using multi sensor satellite, NCEP reanalysis and ground observatory data to find the complementary changes in surface and atmospheric parameters associated with this earthquake. A pronounced changes in various parameters few days prior show complementary nature that provides evidence of strong coupling between the land-atmosphere associated with this earthquake.
The Haiti earthquake of 12 January 2010
Haiti occupies the western part of the island of Hispaniola, one of the Greater Antilles islands, situated between Puerto Rico and Cuba. At the longitude of the 12 January earthquake, motion between the two Caribbean and North American plates is partitioned between two major east-west trending, strike-slip fault systems -the Septentrional fault system in northern Haiti and the Enriquillo-Plaintain Garden fault system in southern Haiti. The location and focal mechanism of the earthquake are consistent with the event having occurred as left-lateral strike slip faulting on the EnriquilloPlaintain Garden fault system (EPGFZ). This fault system accommodates about 7 mm/y, nearly half the overall motion between the Caribbean plate and North America plate.
The Enriquillo-Plaintain Garden fault system has not produced a major earthquake in recent decades. The EPGFZ is the likely source of historical large earthquakes in 1860, 1770, 1761, 1751, 1684, 1673, and 1618 , though none of these has been confirmed in the field as associated with this fault. This earthquake did not produce any surface rupture and it is expected some of the energy must be stored in the uppermost few kilometer of the fault (Bilham, 2010) .
Surface and atmospheric data
We have taken various surface and atmospheric data over the epicenter (18 • • grid size. We have taken relative humidity data at various pressures levels -1000, 700, and 500 hPa; surface skin temperature, surface air temperature at a height of 2 m above ground and surface latent heat flux (SLHF) from NCEP reanalysis data source (http://iridl.ldeo.columbia.edu/SOURCES/ .NOAA/.NCEP-NCAR/.CDAS-1/.DAILY/.Diagnostic/).
Results and discussion
We have taken daily surface and atmospheric parameters in the present study for one year period over the epicenter of this earthquake. The results are discussed in the following section. Figure 2b shows variation of daily surface air temperature anomaly computed from AIRS data over the epicenter of Haiti earthquake.
Surface air temperature
(about 297 K) is clearly observed one day prior to the earthquake (Fig. 2a) , soon after the earthquake surface temperature is found to increase. Figure 2b shows surface temperature anomaly [(value-average value)/standard deviation] over the epicenter.
In Fig. 2b , the surface temperature daily anomaly from AIRS data is shown at 1000 hPa pressure level during 1-31 January for the years 2000-2010, a low surface temperature anomaly is observed one day prior to the earthquake event i.e. 11 January 2010. This is the lowest value found in January compared to the years 2000-2009. A low air temperature over the epicenter of Haiti earthquake is observed at different pressure levels i.e. 1000, 850, 700, and 500 hPa and also ground temperature showing complementary nature with the observed temperature anomaly one day prior www.nat-hazards-earth-syst-sci.net/10/1299/2010/ Nat. Hazards Earth Syst. Sci., 10, 1299-1305, 2010
3 Figure 2b shows variation of temperature anomaly using AIRS data. A low surface temperature anomaly is observed on the day of earthquake over the epicenter. Figure 2c shows complementary nature of air temperature anomaly at different pressure levels during in the month of January 2010. A lowest temperature anomaly is observed on 11 January 2010, one day prior to the main earthquake event.
4 Figure 2d shows a minima peak of air temperature one day prior to the earthquake, this minima peak is found to be much lower than mean minus one sigma value of air temperature which is shown in dotted red color. The mean value is shown in dotted green color. Figure 3a shows daily variations of relative humidity over the epicenter at 700 hPa with one standary deviation (error bars) for the period Januray 2009 -March 2010. A higher peak in relative humdity is observed one day prior to the earthquake event, however such peaks in relative humidity are also observed which may be associated with the atmosppheric perturbations. . Figure 2d shows a minima peak of air temperature one day prior to the earthquake, this minima peak is found to be much lower than mean minus one sigma value of air temperature which is shown in dotted red color. The mean value is shown in dotted green color.
Fig. 2d.
to the main event of the earthquake. The lowest temperature anomaly corresponds to the ground and low pressure levels and the magnitude of the low temperature anomaly is found to decrease with the low pressure levels i.e. at higher altitudes, e.g. on the ground temperature anomaly is found to be 3 • C whereas at 500 hPa the temperature anomaly is observed to be about 2 • C (Fig. 2c) . Figure 2d shows a minima peak of air temperature one day prior to the earthquake, this minima peak is found to be much lower than mean minus one sigma value of air temperature which is shown in dotted red color. The daily mean value for the month of January during 2005-2010 is shown in dotted green color.
4 Figure 2d shows a minima peak of air temperature one day prior to the earthquake, this minima peak is found to be much lower than mean minus one sigma value of air temperature which is shown in dotted red color. The mean value is shown in dotted green color. Figure 3a shows daily variations of relative humidity over the epicenter at 700 hPa with one standary deviation (error bars) for the period Januray 2009 -March 2010. A higher peak in relative humdity is observed one day prior to the earthquake event, however such peaks in relative humidity are also observed which may be associated with the atmosppheric perturbations. . Fig. 3a . Figure 3a shows daily variations of relative humidity over the epicenter at 700 hPa with one standary deviation (error bars) for the period Januray 2009 -March 2010. A higher peak in relative humdity is observed one day prior to the earthquake event, however such peaks in relative humidity are also observed which may be associated with the atmospheric perturbations.
5 Figure 3b shows anomaly in relative humidity at 700 hPa, the nature of variations relative humdity is showing maxima peak on the day of earthquake. The variations relative humdity show characteristics nature for the 2010 variations compared to ot years. The anomalous peaks are although common which could be assocaited with changes in atmospheric perturbations. Figure 3c shows daily anomaly in relative humidity at 850 hPa, the nature of variations relative humdity for 2010 shows higher anomaly value compared to other years aroun the day of earhquake event. The anomalous peaks are although common which could b assocaited with the changes in atmospheric perturbations. Fig. 3b . Figure 3b shows anomaly in relative humidity at 700 hPa, the nature of variations of relative humdity is showing maxima peak on the day of earthquake. The variations of relative humdity show characteristics nature for the 2010 variations compared to other years. The anomalous peaks are although common which could be assocaited with the changes in atmospheric perturbations.
Relative humidity
In Figs. 3a , b, c, and d daily relative humidity from AIRS data are shown for period (July 2009-January 2010) at 1000, 850, and 700 hPa pressure levels. The daily relative humidity variations show number of maxima and minima peaks. Such peaks are common due to atmospheric disturbances and sudden change in weather conditions, such characteristics are also observed during monsoon period. The daily variations of relative humidity shows a higher value on 11 January 2010 at pressure levels 1000 to 500 hPa, variations of daily surface latent heat flux with error bars (one standard deviation) is shown in Fig. 3a for pressure level 700 hPa. Although on other days higher peaks in relative humidity is seen on other days.
5
relative humdity show characteristics nature for the 2010 variations compared to other years. The anomalous peaks are although common which could be assocaited with the changes in atmospheric perturbations. Figure 3c shows daily anomaly in relative humidity at 850 hPa, the nature of variations of relative humdity for 2010 shows higher anomaly value compared to other years around the day of earhquake event. The anomalous peaks are although common which could be assocaited with the changes in atmospheric perturbations. Fig. 3c . Figure 3c shows daily anomaly in relative humidity at 850 hPa, the nature of variations of relative humdity for 2010 shows higher anomaly value compared to other years around the day of earhquake event. The anomalous peaks are although common which could be assocaited with the changes in atmospheric perturbations.
In Figs. 3b and c, one day prior to the earthquake event (11 January 2010) a pronounced anomaly of relative humidity is observed, this peak is prominent compared to other peak in relative humidity observed in other years. The magnitude of the relative humidity anomaly is higher at the pressure level 700 hPa (Fig. 3b) . At the pressure level 850 hPa, the relative humidity anomaly is found to be low compared to the pressure level 750 hPa but this anomaly is prominent compared to others years [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . At a low pressure levels e.g. 500 hPa and even lower pressure levels, the peak is not very prominent (not shown). The vertical variations of relative humidity for the period 9-17 January 2010 are shown in Fig. 3d , the vertical variation of relative humidity on 11-12 January 2010 show all together different characteristics, on these two days the relative humidity is found to be higher compared to other days at the pressure level 850-700 hPa. At the lower pressure levels, i.e. 300 hPa the relative humidity is found to be highest on 11 January 2010 compared to other days.
Surface latent heat flux
First time, Dey and Singh (2003) found an anomalous surface latent heart flux (SLHF) prior to the Gujarat earthquake of 26 January 2001. The surface latent heat flux shows an anomalous increase in SLHF prior to coastal earthquakes up to 14 days prior to the earthquake. In recent years, efforts have been made to study changes in surface latent heat flux prior to number of inland and coastal earthquakes of China. Abnormal changes in surface latent heat flux were found to be associated with several earthquakes around the world (Meihua et al., 2006; Li et al., 2009; Qin et al., 2009 ). Latent heat flux estimation depends on surface (ocean or land) temperature, air temperature, water vapor (WV) and relative humidity (Schulz et al., 1996; Gautam et al., 2005) . The dependence of SLHF with various surface and air parameters 6 Figure 3d . Vertical variation of relative humidity for the period 9-17 January, 2010, the relative humidity shows a characteristic varitionn of relative humidity on the day of earthquake. Figure 4a shows variation of daily surface latent heat flux. A maxima peak in surface latent heat flux is observed one day prior to the main earthquake event, error bars shows one standard deviation. Fig. 3d . Vertical variation of relative humidity for the period 9-17 January 2010, the relative humidity shows a characteristic varition of relative humidity on the day of earthquake. 6 Figure 3d . Vertical variation of relative humidity for the period 9-17 January, 2010, the relative humidity shows a characteristic varitionn of relative humidity on the day of earthquake. Figure 4a shows variation of daily surface latent heat flux. A maxima peak in surface latent heat flux is observed one day prior to the main earthquake event, error bars shows one standard deviation. Fig. 4a . Figure 4a shows variation of daily surface latent heat flux. A maxima peak in surface latent heat flux is observed one day prior to the main earthquake event, error bars shows one standard deviation.
can be obtained from the following equation:
where the subscript a corresponds to a reference altitude, s stands for surface quantities, C D is the bulk transfer coefficient, q is the specific humidity, U the scalar wind and ρ and E are constants. Figure 4a shows daily variation of surface latent heat flux over the epicenter for the period from April 2009 to March 2010. A highest peak in SLHF is clearly seen one day prior to the main earthquake event on 12 January 2010. The error bars shows variations up to one standard deviation of daily surface latent heat flux. The value of surface latent heat flux is the highest daily value observed during April 2009 to March 2010. In Fig. 4b , the daily surface latent heat flux 7 Figure 4b shows variation of daily surface latent heat flux. A maxima peak in surface latent heat flux is observed one day prior to the main earthquake event. This peak is found to be more than mean plus one sigma (standard deviation), Mean value is shown in dotted green color, mean+sigma is shown in dotted blue color and mean -sigma is shown with dotted red color. Fig. 4b . Figure 4b shows variation of daily surface latent heat flux. A maxima peak in surface latent heat flux is observed one day prior to the main earthquake event. This peak is found to be more than mean plus one sigma (standard deviation), Mean value is shown in dotted green color, mean + sigma is shown in dotted blue color and mean -sigma is shown with dotted red color. 8 Figure 5 . shows variation of total ozone column (TOC), a drop in TOC is observed on the day of earthquake i.e. 12 January 2010, afterwards the TOC is found to be stable. Figure 5 shows variation of total ozone column (TOC), a drop in TOC is observed on the day of earthquake i.e. 12 January 2010, afterwards the TOC is found to be stable.
is shown for January 2010, a pronounced maxima peak in surface latent heat flux is clearly seen one day prior to the earthquake, the value of this peak is more than mean plus one sigma (standard deviation). The mean value is taken for the daily surface latent heat flux data for the period 2005-2010 which is shown in dotted green color, mean+sigma is shown in dotted blue color and mean -sigma is shown with dotted red color.
Total ozone column
The total ozone column (TOC) over the epicenter of earthquake is shown in Fig. 5 . A sudden drop in TOC is observed soon after the earthquake, afterwards the TOC is found to be enhanced. Similar results are found in Gujarat earthquake of January 2001, Denali earthquake October 2003 and several earthquakes (Singh et al., 2006; Ganguly, 2009) , i.e. pronounced drop in total ozone column on the day of earthquake and afterwards found to increase. In case of Haiti earthquake of 12 January 2010, we have found an increase of 20.316 DU (i.e. about 8.95%) from one day after earthquake (227.063 DU) and after a week the TOC value increased to 246.379 DU on 20 January 2010.
Conclusions
The present results clearly show changes in surface, atmosphere and total zone concentration, associated with the earthquake. The surface and air temperature, relative humidity and surface latent heat flux changes are showing complementary nature one day prior to the earthquake event. The atmospheric parameters at different pressure levels show a prominent characteristics one day prior the event compared to other days. In case of total ozone column, the characteristics of low value is observed on the day of earthquake, afterwards an increasing trend is clearly seen. Such characteristics of total ozone column is also found with other earthquakes (Singh et al., 2006; Ganguly, 2009 ). The complementary nature of surface and atmospheric parameters associated with Haiti earthquakes provide a strong evidence of lithosphere-atmosphere coupling.
